The mean absolute relative difference (MARD) is a parameter often used to describe CGM system accuracy. However, as MARD is dependent on the exact test setting and as there are no mandatory specifications for testing procedures, MARD values given in the literature for different systems may not be directly comparable. 6 In addition, as the calculation of relative differences at lower glucose concentrations may be unsuitable for accuracy assessments, 7 MARD is often reported as a combination of absolute and relative differences, but the specific cutoff values vary. [8] [9] [10] [11] The best way to compare different CGM systems is therefore to perform a study in which the systems are worn in parallel in the same subject. The Clinical and Laboratory Standards Institute guideline POCT05-A 12 gives recommendations for study procedures. These were applied to the presented study, in which three CGM systems were tested in parallel.
Methods
This open, prospective study was performed according to Good Clinical Practice and the declaration of Helsinki (ICH-GCP) at two investigational sites, one in Austria (Privatklinik Wehrle-Diakonissen, Salzburg) and one in Germany (Institut für Diabetes-Technologie, Forschungsund Entwicklungsgesellschaft mbH an der Universität Ulm). The protocol was approved by the responsible ethics committees and all participants gave informed consent prior to the study procedures.
The primary objective was to determine the MARD of three CGM systems. Secondary objectives were the evaluation of further performance measures and usability aspects of the systems.
CGM Devices
Three CE-marked CGM systems were used in this study: Dexcom G5™ Mobile CGM system (Dexcom Inc, San Diego, CA, USA) (DG5), Guardian™ Connect system (Medtronic MiniMed Inc, Northridge, CA, USA) (GC), and a Roche CGM system (Roche Diabetes Care GmbH, Mannheim, Germany) (RCGM) (see Table 1 ). The systems were used according to the respective manufacturer's instructions, but not as a replacement for SMBG. The intended wearing time was 7 days for DG5 and RCGM, and 6 days for GC. Thresholds for warnings about low and high glucose levels were set to 70 mg/dL and 280 mg/dL, respectively, in all devices. Device data were downloaded using the respective associated software.
Comparison Measurements
The Accu-Chek® Guide SMBG system (Roche Diabetes Care GmbH, Mannheim, Germany) was used to calibrate the CGM systems and for capillary comparison measurements. This system's accuracy is well-defined and fulfills the ISO 15197:2013 criteria. 7 Control measurements were performed with every test strip vial. During study procedures, accuracy was verified by comparison with capillary hexokinase-based laboratory measurements (Cobas 6000 c501, Roche Diabetes Care GmbH, Mannheim, Germany).
Additional venous comparison measurements using a hexokinase method calibrated with higher order reference material were performed during dynamic phases (see below). Venous blood samples were drawn, deproteinized, and then centrally measured at Roche, Mannheim, Germany.
Participants
Insulin treated people with type 1 or type 2 diabetes mellitus, diagnosed at least 12 months prior to the study and without further risk factors for cardiovascular disease were eligible for this study. All participants followed their current therapy during the study, except for dynamic phases where insulin doses were determined by a study physician. All treatment decisions were based on SMBG values.
Study Procedures
The study was performed in a mixed inpatient and outpatient setting for 7 days (distributed over 8 study days) per participant. On study day 1, a sensor of each CGM system was applied on the abdomen of the participants in randomized positions after disinfection of the application sites. The study period included 4 home use days representing the participants' daily routine and 2 days with study site visits. Days with study site visits were randomized among the participants. On home use days, participants were instructed to perform SMBG measurements before and 2 hours after each meal, before insulin administration, before bedtime, and for CGM calibration. The systems were calibrated at the same time entering the same SMBG value in all three devices. Approximately 9-14 SMBG measurements, including those for calibration, were to be obtained in order to have at least 6 paired data points per day available for performance evaluation.
At study site visits, dynamic phases were induced in participants having a high glycemic index breakfast and an increased and delayed insulin bolus. Participants performed SMBG measurements every 15 minutes during the dynamic phases (approx. 5.5 hours) and every hour thereafter until the evening. In addition, venous blood samples for analysis with the hexokinase method were taken every 15 minutes during the dynamic phases.
All sensors were removed after their regular wearing period, that is, on study day 7 for GC and on study day 8 for DG5 and RCGM. Insertion sites and patch adhesion were evaluated on a daily basis. If a low or high glucose warning occurred, it was recorded and an SMBG measurement was to be performed for confirmation. All system failures and adverse events were documented.
After all sensors had been removed, participants completed a questionnaire about handling and usability of the devices.
Statistical Evaluation
The primary variable was the MARD across all experiments (all successfully calibrated devices) based on paired points of CGM values and SMBG values in the range of 40 mg/dL to 400 mg/dL (specified measurement range of all three systems). Except for the evaluation of dynamic phases of provoked glucose rise and fall during glucose excursions with SMBG values every 15 minutes, only SMBG values taken at intervals of at least 50 minutes were included in the analysis. Calibration measurements were excluded. MARD was calculated for all measurements of an experiment (ie, one participant), excluding days with less than 6 paired data points, and then averaged across all experiments. Aggregated MARD was calculated using all paired points from all experiments. In addition, for each paired point, the mean relative difference (MRD, including the positive or negative sign) between the CGM value and the SMBG value was calculated. For both MARD and MRD, absolute differences between CGM and SMBG glucose measurement results were calculated at glucose concentrations <100 mg/dL and relative differences were calculated at glucose concentrations ≥100 mg/dL. The cutoff of 100 mg/dL was chosen because it is also specified in ISO 15197:2013 for the evaluation of the performance of SMBG devices. 7 Because of the mixed character of these variables, with results in different units (mg/dL or %), MARD and MRD results are given in this article without a unit.
Consensus error grid (CEG) analyses were performed to assess deviations between CGM and SMBG values from a clinical perspective. 13 Usability was evaluated based on detection rates and warning rates for low and high glucose values, patch adhesion, sensor failure rates, and a user questionnaire. The evaluation of detection rates for low and high glucose values was based on thresholds of 70 mg/dL and 280 mg/dL, respectively. A low glucose value was considered detected if at least one CGM value was below or equal to the low threshold within ±15 minutes of the SMBG value. The low warning rate was calculated based on how often a low glucose warning of the CGM system could be confirmed by an SMBG value below or equal to the low threshold within ±15 minutes of the warning. Correspondingly, high glucose detection and warning rates were calculated based on glucose values above or equal to the high threshold.
The number and nature of adverse events and device deficiencies were evaluated for each system.
All analyses were performed using the software package SAS®, version 9.3 (SAS Institute Inc, Cary, NC, USA). No significance testing was performed.
Results

Study Participants
The study was performed between May and August 2017. A total of 71 participants were screened at the two study sites, 17 of whom did not meet the eligibility criteria. All 54 participants that started the experimental phase completed the study. The participants were 45 ± 13 (mean ± standard deviation) years of age, 52% female, with a BMI at screening of 26.2 ± 3.8 kg/m 2 . All participants had type 1 diabetes. HbA1c at screening was 7.0 ± 0.7%. Diabetes duration of the participants was 23 ± 13 years. Most participants (85%) were already experienced with CGM.
Performance
For RCGM, 96% of successfully calibrated systems completed the experiment, as compared with 100% for DG5 and 89% for GC.
Overall MARD across all experiments was 10.1 ± 2.1 for DG5, 11.5 ± 4.2 for GC, and 11.9 ± 5.6 for RCGM (Table 2) ; aggregated MARD results were similar. All systems showed the highest MARD on day 1 and an improved performance on the following days (Table 2) . RCGM showed its lowest MARD in the hypoglycemic range, whereas DG5 and GC performed best in the hyperglycemic range. The same was true for MARD during dynamic phases. Compared to venous comparison samples, overall MARD was higher for DG5 and GC, but not for RCGM.
All CGM systems had a small negative bias (MRD) compared to SMBG (Figure 1 ). In total, the MRD across all experiments ranged from −1.1 ± 6.4 to −4.9 ± 5.6 (Table 3 ). In the dynamic phases of the experiment, aggregated MRD ranged from 0.5 ± 16.4 to −5.6 ± 12.9 compared to SMBG, with RCGM showing the highest bias. When comparing to venous measurements, however, RCGM showed the lowest bias.
In the CEG analysis, 99.8% (DG5), 99.6% (GC), and 99.2% (RCGM) of the CGM systems' results were in zones A and B (Figure 2) .
Accuracy of SMBG Measurements
For the SMBG system used as comparison and for calibration, 99.6% of the results were within ±15 mg/dL of the hexokinase measurements at glucose concentrations <100 mg/dL or within ±15% at glucose concentrations ≥100 mg/ dL. A negligible bias of 0.3% was observed. 
Usability Detection Rate and Warning Rate for High and Low Glucose
Values. Detection rates were 79% for DG5, 84% for GC, and 61% for RCGM for high glucose values and 88% for DG5, 82% for GC, and 83% for RCGM for low glucose values ( Table 4 ). The rate of confirmed warnings in the high glucose range was similar for all three systems (62% to 64%).
For low glucose values, the rate of confirmed warnings was lower than in the high glucose range (41% to 48%; Table 4 ). Analysis of the actual deviation in case of unconfirmed warnings showed that between 70% and 90% of CGM values at the time of the warning were less than 20% below the high glucose threshold for all systems and approximately 70-80% of CGM values with unconfirmed low glucose warnings were less than 20 mg/dL above the threshold. . The red horizontal line shows the total bias of the respective system over the whole study. Because of the mixed character of MRD with different units (mg/dL or %), numbers are given without a unit. In contrast to the mean absolute relative difference (MARD) shown in Table 2 , MRD values also consider the direction (positive or negative) of the deviation in relation to the comparison method.
a Number of experiments (participants) for MRD across all experiments (days with less than 6 paired data points were not included). b Number of paired data points for aggregated MRD.
Patch Adhesion Rate. The RCGM patch had the highest adhesion rate for the duration of wear (92.6%). Patch adhesion rates for the other systems were markedly lower (77.4% for DG5, 68.5% for GC).
User Evaluation. In general, the majority of the participants gave positive ratings for all three systems. Differences were found between systems in the rating of the receiver or respective smartphone app: for GC and RCGM, participants found that readability and functions offered were superior compared to DG5. The wearing comfort of GC was preferred by most participants due to the flat transmitter. Patch adherence was rated best for RCGM, followed by DG5 and GC. For GC, patch reactions like itching or redness were reported more frequently than for the other systems. In total, 8 participants reported problems with DG5, 20 participants with GC, and 25 participants with RCGM, most of which were connection problems between transmitter and receiver. Overall, the majority of participants (26 participants) preferred GC due to the user-friendly app and the flat format of the transmitter.
Safety
Adverse Events. During the study, 111 adverse events were reported by 50 participants. None of the adverse events were classified as serious. Eighty-four adverse events were considered related to the investigational devices (DG5 17, GC 42, RCGM 25; see Table 5 ). All device-related adverse events were classified as either mild (79) or moderate (5) by the study physicians.
Device Deficiencies. Thirty-three CGM-related device deficiencies were reported, 4 for DG5, 13 for GC, and 16 for RCGM. The most frequent deficiencies were transient connection failures between the transmitter and the receiver (39.4%) and system failures (36.4%). Other device deficiencies occurred rarely and included calibration failures, sensor application failures and damage of packaged systems of unknown cause. One RCGM sensor and 6 GC sensors ended the experimental phase prematurely after calibration, mainly due to sensor malfunctions and denied recalibration attempts. A further RCGM sensor was removed early without technical failure of the device. No DG5 sensors ended the experimental phase prematurely. Overall, RCGM and DG5 had a system failure rate of 7% each, whereas 24% deficient systems were documented for GC (including 2 systems which were not applied because defects were noticed already after removing the packaging). The majority of system failures occurred before initial calibration (DG5: 4 systems, 100%; GC: 9 systems, 60%; RCGM: 3 systems, 60%).
Discussion
In this study, three different CGM systems were worn in parallel by 54 participants in a mixed inpatient and home setting in order to gain information about their performance in daily life. It is one of only a few studies in which different CGM systems have been tested in parallel, thus allowing a direct comparison of MARD values. 11, [14] [15] [16] [17] Further development of RCGM was stopped shortly after the study; therefore this system is not available on the market.
In the current study, all CGM systems were used adjunctively to an SMBG system; however, DG5 is available and intended as a nonadjunctive device. In this analysis, it showed a marginally lower overall MARD compared to the other two systems. In the low glucose range and dynamic phases, however, RCGM showed the lowest MARD.
As expected, all three systems had their highest MARD on day 1. This can be explained by the flow rate of glucose into the sensor that requires several hours to stabilize after insertion. 18 On all subsequent days, the CGM systems showed MARD values of about 10, with the exception of RCGM on day 3, where the MARD value was 13.7. This latter finding might be explained by an overcompensation of the drift by the algorithm during the first two days.
Since the MARD does not account for the direction of the deviation, that is, over-or underestimation of glucose values, the MRD between CGM and SMBG was also calculated in this study. Overall, all systems had a slight negative bias compared to SMBG. While DG5 and GC had the largest negative bias on day 1, RCGM initially showed a positive bias. For all three systems, at least 99% of values were within zones A and B of the CEG, indicating no risk from a clinical perspective.
Of note is that the study design provides only information about CGM performance relative to the SMBG system used. Different study settings and procedures limit the comparability of the presented results to other published studies. Nevertheless, similar results were found by other investigators. DG5 achieved a MARD of 13.3% 19 and 11.3% 10 , and a MARD of 12.38% 20 was shown for the sensor of GC. For a predecessor developmental model of RCGM, a MARD of 9.2% was reported a few years ago. 21 In this study, venous samples were used as an additional comparison during dynamic phases. Comparison of the MARD and MRD results shows the impact of choice of the reference sample. 22 In general, MRD during dynamic phases was approximately 5% higher when compared to venous samples because postprandial glucose concentrations are higher in capillary blood than in venous blood. 23 Consequently, RCGM which had the largest negative bias of the three systems compared to SMBG in the hyperglycemic range, showed the smallest absolute bias compared to venous samples. The BGMS used for calibration likely was only a minor influencing factor as a comparison of capillary samples measured by the BGMS and by the laboratory analyzer showed only negligible bias. Because venous comparison samples are often used during dynamic phases for practical reasons, the impact on accuracy results has to be taken into account.
Usability aspects and the perceived accuracy of a CGM system can contribute to adherence to CGM and thus to the success of therapy. 24 The three systems used in this study were similar with regard to detection rates and warnings for high and low glucose values, reflecting performance in the different glucose ranges. The rate of confirmed low glucose warnings was less than 50%, but most of these false-positive warnings occurred at glucose values close to the actual threshold and might therefore have had a preventive rather than a bothersome character.
Participants rated adherence of the patch best for RCGM, and this was confirmed by the calculated patch adhesion rate. In general, all three systems were rated positively, and the majority of participants stated that altogether they liked GC most because it has a flat transmitter and offers a user-friendly app with a pleasant display of data. As DG5 was used with the receiver in this study, and the other devices with a smartphone, comparability is limited. The lowest numbers of device-related adverse events, that is, application site issues, and device deficiencies were reported for DG5; however, no serious or severe events occurred with any of the systems.
Conclusion
The three CGM systems tested in this study showed similar overall performance with differences depending on the specific glucose range, study phase (ie, home use or study site visits with dynamic phases), and sample material used for comparison. Generally, all systems were rated positively by most users, but with differences in individual preferences based on usability aspects.
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